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Introduction {#sec1}
============

Alzheimer disease (AD) is a neurodegenerative disease and the primary cause of dementia ([@bib18]). The robust synaptic and neuronal loss in the hippocampal and cortical areas of the brain is accompanied by the accumulation of misfolded proteins, such as the amyloid β peptide (Aβ), and by neurofibrillary tangles in affected sites in the parenchyma and vasculature of the brain ([@bib25], [@bib48], [@bib57]). Together, these changes appear to be neurotoxic and cause chronic innate inflammation ([@bib2], [@bib21], [@bib65], [@bib72], [@bib76]). Innate inflammation in the brain is characterized primarily as a glial activation process, in which both astrocytes and microglia accumulate around amyloid plaques and, thereby, exhibit activated and dysfunctional phenotypes that further increase neurotoxicity ([@bib7], [@bib58]). Whether adaptive immunity mediated by CD4 T cells plays a key role in the inflammatory process in the brain and can be therapeutically used to abrogate the disease is still a matter of debate.

CD4 T cells play a key role in immune regulation and can substantially impact neuroinflammatory processes in the central nervous system (CNS), such as those observed in multiple sclerosis ([@bib24], [@bib50]), amyotrophic lateral sclerosis ([@bib10]), and Parkinson disease ([@bib43], [@bib61]). The infiltration of CD4 T cells into the brain can be destructive ([@bib1], [@bib68]), but, depending on the neuroinflammatory process and the phenotypes of these T cells, they can also limit neuronal damage caused by infection ([@bib54]), stroke ([@bib33]), or neurodegenerative diseases ([@bib8]). Studies in people with AD ([@bib41], [@bib49], [@bib63], [@bib75]) and in mouse models of the disease ([@bib3], [@bib6], [@bib5], [@bib12]) suggest that certain CD4 lymphocyte subsets can markedly impact the disease process. We previously showed that whereas peripheral Aβ immunization can cause meningoencephalitis ([@bib39]), intracerebroventricularly (ICV)-injected T helper 1 (Th1) T cells can target Aβ plaques in the brain parenchyma and, thereby, locally impact the neuroinflammatory niche to enhance Aβ clearance and reduce innate inflammation, with no evidence of neurotoxic inflammation ([@bib16]). Notably, these effects of the T cells were mostly brain antigen specific and were not observed to the same extent with ICV-injected ovalbumin (OVA)-specific Th1 T cells ([@bib16]). Overall, these studies demonstrate that peripheral CD4 T cells can migrate into the brain and locally exert effector functions, which impact the progression of AD, possibly due to local interactions with major histocompatibility complex class II (MHCII)-expressing cells.

The expression of MHCII in the brain is low under homeostatic conditions, whereas it can be upregulated in microglia following brain infection or trauma, or over the course of neurodegenerative diseases ([@bib38], [@bib56], [@bib60]). In people with AD, MHCII expression was found to be upregulated by microglia at sites of Aβ plaques ([@bib38], [@bib49]). Studies in mice have shown that microglia can differentiate to functional antigen-presenting cells (APCs) ([@bib14], [@bib19], [@bib40], [@bib71]), and two recent single-cell RNA sequencing studies have shown subsets of microglia that appear in the course of neurodegeneration and potentially function as APCs ([@bib28], [@bib36]). Although MHCII-expressing microglia emerge during neurodegeneration, their functional role as T-cell-stimulating APCs over the course of AD is as yet unclear.

Here, to determine the role of brain APCs in promoting the effector functions of T cells within the brain parenchyma, we ICV-injected Aβ-specific T cells to 5XFAD mice that lack MHCII-expressing cells, either entirely or only in the brain.

Results {#sec2}
=======

ICV Injection of Aβ-specific Th1 Cells to 5XFAD Mice Decreases Aβ Plaques, Which Is Associated with Increased Expression of MHCII by Parenchymal APCs {#sec2.1}
-----------------------------------------------------------------------------------------------------------------------------------------------------

Using the APP/PS1 mouse model of AD, we have previously demonstrated that whereas T cell activation, but not antigen specificity, was required for ICV-injected T cells to migrate into the brain parenchyma, the induction of MHCII+ cells was more pronounced with Aβ- than with OVA-specific T cells ([@bib16]). We thus first examined whether ICV-injected Aβ-specific T helper 1 (Aβ-Th1) cells induce the expression of MHCII in the brain of the 5XFAD mouse model of AD. To this end, we generated GFP-expressing Aβ-Th1 cells by immunizing 2-month-old C57BL6 wild-type (WT) mice with Aβ1--42, followed by *in vitro* expansion, polarization, and a GFP-encoding retrovirus transduction of Aβ-Th1 cells ([Figure S1](#mmc1){ref-type="supplementary-material"} and [Transparent Methods](#mmc1){ref-type="supplementary-material"}). Next, the GFP+ Aβ-Th1 cells underwent anti-CD3/anti-CD28 dynabeads activation and was ICV-injected ([Figure 1](#fig1){ref-type="fig"}A) to 9-month-old WT female mice (Th1→WT) or to 5XFAD female mice (Th1→AD), which accumulate amyloid plaques in the brain by age 2 months ([@bib46]). As control groups, age- and sex-matched WT and 5XFAD mice were ICV-injected with PBS (PBS→AD). Mice were killed at 11 or 21 days post-injection (dpi) and their brains were excised and analyzed with immunohistochemistry (IHC) and real-time quantitative PCR (qPCR). We found that the ICV-injected GFP+ T cells migrated into the brain parenchyma and that a portion of the cells accumulated at the vicinity of Aβ plaques (11 dpi, [Figure 1](#fig1){ref-type="fig"}B). Similar to our results in a previous study ([@bib16]), the amyloid burden in the brain of 9-month-old 5XFAD mice killed at 21 dpi was significantly reduced in the cortex of Th1→AD mice, when compared with PBS→AD mice ([Figure 1](#fig1){ref-type="fig"}C).Figure 1ICV Injection of Aβ-Th1 Cells to 5XFAD Mice Decreases Aβ Plaques in the Brain Associated with Increased Expression of MHCII by Parenchymal APCsAβ-Th1 T cells were generated following the Aβ1--42 immunization of 2-month-old mice ([Transparent Methods](#mmc1){ref-type="supplementary-material"} and [Figure S1](#mmc1){ref-type="supplementary-material"}A). 5XFAD mice were ICV-injected with either Aβ-Th1 T cells or PBS, killed at 11 or 21 days post-injection (dpi), and their brains collected and analyzed by IHC or qPCR.(A) Illustration of a representative coronal view of the adult mouse brain and the injection site in the lateral ventricle.(B) A representative IHC image (left) of Aβ plaques co-localized with GFP+ T cells (green) in brain sections derived from 5XFAD mice 11 dpi of activated Aβ-Th1 cells. Sections were immunolabeled with anti-Aβ (red) and a DAPI nucleus counterstain (blue). The middle image is a higher magnification of the framed area, showing the interaction between Aβ and Aβ-Th1 T cells. The right image is a 3D reconstruction of z-sections (9.75 μm overall, 0.75 μm/slice) of the framed area. Scale bars, 200 μm (left), 50 μm (middle), and 5 μm (right).(C) Representative IHC images showing Aβ plaque load in brain sections derived from 5XFAD mice ICV-injected with either PBS (PBS→AD, left) or Aβ-Th1 T cells (Th1→AD, right). Sections were taken at 21 dpi (n = 4--5 mice per group) and immunolabeled with anti-Aβ plaques (red) and a DAPI nucleus counterstain (blue). Scale bars, 200 μm. The quantitative analysis of the Aβ plaque load in the cortex (right graph) was performed with IMARIS and shows the mean ± SEM results of one experiment out of four performed.(D) Representative IHC images showing the upregulation of MHCII+ cells in brain sections derived from either PBS→AD (left) or Th1→AD (right) mice at 21 dpi (n = 6 mice per group), immunolabeled with anti-MHCII (green), anti-Aβ (red), and a DAPI nucleus counterstain (blue). The higher magnifications of the framed areas reveal MHCII+ cells accumulating near the Aβ plaques. Scale bars, 200 μm in the low-magnification images and 50 μm in the high-magnification images. The quantitative analysis of the number of MHCII+ cells per volume of cortical section (right graph) was performed with IMARIS. Each symbol represents an individual mouse, whereas the horizontal lines indicate the mean ± SEM of one experiment out of four performed.(E) qPCR analysis of CD74 expression in the cortex (left) and hippocampus (right) of Th1→AD and PBS→AD mice at 21 dpi (n = 6--7 mice per group). Bars represent means ± SEM.(F) Representative IHC images demonstrating an immunological synapse between MHCII+ cells and GFP+ T cells in brain sections derived from Th1→AD mice at 11 dpi (n = 5 mice) and immunolabeled with anti-phalloidin (cytoskeletal marker, blue), anti-MHCII (red), and GFP T cells (top images), or with anti-Zap70 (phospho Tyr 319) (red), anti-MHCII (blue), GFP T cells, and a DAPI nucleus counterstain (gray) (bottom images). In the top images, the middle and right panels are 3D reconstructions of z-sections (11.25 μm overall, 0.75 μm/slice). Scale bars, 10 μm. In the bottom images, the middle and right images are a 3D reconstruction of z-sections (7 μm overall, 0.5 μm/slice), which was then sliced in the xy axis. The front orientation of the xy-sliced 3D reconstruction shows an immunological synapse via Zap70 (phospho Tyr 319) (right). Scale bars, 10 μm (left) and 5 μm (middle and right images). \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 ((C and D) Student\'s t test and (E) one-way ANOVA).

Next, we determined whether the enhanced clearance of Aβ in Th1→AD mice is associated with increased numbers of MHCII+ cells in the brain parenchyma. Notably, IHC analysis showed a significant increase in MHCII+ cells in close proximity to Aβ plaques, in the cortex ([Figure 1](#fig1){ref-type="fig"}D) of Th1→AD mice, but not in PBS→AD mice, and an upregulation of the invariant chain CD74 mRNA, which was analyzed using qPCR ([Figure 1](#fig1){ref-type="fig"}E). Brain sections immunolabeled with anti-MHCII and with either the cytoskeletal marker phalloidin, which labels F-actin ([Figure 1](#fig1){ref-type="fig"}F, upper panels), or anti-phospho-Zap70 (Zeta-chain-associated protein kinase 70), a protein kinase required for T cell activation ([Figure 1](#fig1){ref-type="fig"}F, lower panels), demonstrate the polarization of GFP+ T cells toward MHCII+ cells in the cortex and their activation, as indicated by Zap70 phosphorylation.

Taken together, these results demonstrate that the ICV-injected T cells upregulate MHCII by certain microglial subsets or infiltrating macrophages, which, in turn, appear to generate an immunological synapse with the injected T cells.

MHCII+ Cells Are More Phagocytic and less Ramified Than MHCII− Cells in 5XFAD Mice ICV-Injected with Aβ-Th1 Cells {#sec2.2}
-----------------------------------------------------------------------------------------------------------------

Microglial accumulation around amyloid plaques is one of the classical hallmarks of AD. We and others have shown that, once recruited to plaques, microglia undergo morphological changes, such as increased soma size and thickened processes, which represent their activation state or their dysfunctional properties ([@bib2], [@bib13], [@bib59], [@bib67]). To test whether the MHCII+ cells are morphologically distinct from MHCII− cells and impact the phagocytic capacity of Aβ in the brain, we prepared sagittal brain sections from Th1→AD mice. The sections were immunolabeled for Iba1, MHCII, and Aβ, and the proportion of Aβ localized to MHCII+ cells was analyzed with the IMARIS software. A co-labeling IHC analysis revealed that MHCII+ cells primarily colocalize with IbaI+ and Aβ at the vicinity of plaque ([Figure 2](#fig2){ref-type="fig"}A). To determine whether the MHCII+ cells phagocytose Aβ, the 3D reconstructed images were sliced in the xy plane using a clipping tool in IMARIS. The unsliced panels ([Figure 2](#fig2){ref-type="fig"}B; left, upper, and lower panels) show the interactions of MHCII+ and MHCII− cells with Aβ, whereas the xy-sliced panels ([Figure 2](#fig2){ref-type="fig"}B; right, upper, and lower panels) demonstrate Aβ engulfed by the cells. A quantitative analysis demonstrated that the MHCII+ cells co-localized with Aβ more efficiently than with MHCII− cells ([Figure 2](#fig2){ref-type="fig"}B), thus presumably indicating an upregulation of phagocytic activity.Figure 2MHCII+ Cells Are More Phagocytic and Less Ramified than MHCII− Cells in 5XFAD Mice ICV-Injected with Aβ-Th1 Cells5XFAD mice were ICV-injected with either Aβ-Th1 T cells or PBS, killed at 21 dpi, and their brains collected and analyzed by IHC.(A) Representative IHC images showing the accumulation of Iba1+ and MHCII + cells at the vicinity of plaque in brain sections derived from Th1→AD mice at 21 dpi and immunolabeled with anti-Iba1 (red), anti-MHCII (green), and anti-Aβ (blue). The rightmost lower panel shows the merged image.(B) The left image is a 3D reconstruction of z-sections (17.25 μm overall, 0.75 μm/slice), demonstrating the co-localization of Aβ with MHCII− and MHCII+ cells. The images in the middle are higher magnifications of the framed areas, showing MHCII− (top) and MHCII+ (bottom) cells. The images on the right are xy plane slices of the 3D reconstructions. Scale bars, 30 μm (left image) and 5 μm (middle and right images). The yellow and white arrows indicate the co-localization of Aβ with MHCII− and MHCII+ cells, respectively. A quantitative analysis (right graph) of the percentage of Aβ that was co-localized with MHCII− or MHCII + cells in the cortex was conducted with IMARIS. Bars represent means ± SEM.(C) Representative IHC images showing the backbone of single cells (yellow and white frames indicate MHCII− and MHCII + cells, respectively), traced manually with the IMARIS Filament Tracer plug-in (middle and right images).(D--F) Quantitative morphometric analyses of randomly selected MHCII+ and MHCII− cortical microglia (layer 2 or 3), performed with IMARIS and statistically analyzed with GraphPad. Bars represent the means ± SEM of the total tree area (D), total branch length (E), and branch depth (F) in one experiment out of four performed (n = 5 mice per group). \*\*p \< 0.01, \*\*\*p \< 0.001 (Student\'s t test).

To morphologically characterize MHCII+ and MHCII− cells, confocal z stacks were captured and the images were manually traced by the backbone of the cells, using the IMARIS Filament Tracer plug-in. The tree area, total branch length, and number of bifurcations were calculated with IMARIS. We found that, whereas MHCII− microglia show the typical ramified morphology, the MHCII+ cells that surround the plaques exhibit a more amoeboid-like morphology with an enlarged soma size ([Figure 2](#fig2){ref-type="fig"}C). A manual 3D reconstruction of MHCII− and MHCII+ cells is shown in [Figure 2](#fig2){ref-type="fig"}C. Quantitative analyses of the reconstructed images show that MHCII+ Iba1+ cells exhibit a decrease in the spatial coverage area ([Figure 2](#fig2){ref-type="fig"}D), process length ([Figure 2](#fig2){ref-type="fig"}E), and process bifurcation ([Figure 2](#fig2){ref-type="fig"}F), when compared with MHCII− Iba1+ cells. This finding suggests that the MHCII+ Iba1+ subset of cells, which expands in 5XFAD mice upon an ICV injection of Aβ-specific Th1 cells, may represent a beneficial response in the brain by reducing plaque burden.

MHCII-Knockout 5XFAD Mice Exhibit an Exacerbated Amyloid Pathology {#sec2.3}
------------------------------------------------------------------

MHCII expression by myeloid cells is essential for the selection and activation of CD4 T cells, a process that may facilitate the overall uptake of Aβ in the brain. Therefore, we backcrossed 5XFAD mice onto MHCII-knockout (KO) background mice to generate 5XFAD mice that lack MHCII (5XFAD/MHCII^−/−^ mice). Age-matched littermates were used as WT and 5XFAD control groups ([Figures 3](#fig3){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}). Then we characterized the inflammatory reaction in the brain and the accumulation of Aβ plaques in 5XFAD/MHCII^−/−^ and 5XFAD mice at 1, 3, and 6 months age. Brain sections were first immunolabeled with anti-Aβ, and the volume occupied by Aβ plaques in the cortex was calculated using IMARIS. Surprisingly, and despite the use of an aggressive model of amyloidosis, we found that Aβ accumulated in the brain by 1 month age in 5XFAD/MHCII^−/−^, whereas almost no plaques were observed in 5XFAD mice ([Figure 3](#fig3){ref-type="fig"}B). Furthermore, at older ages, the volume of Aβ plaques in 5XFAD/MHCII^−/−^ mice was nearly 2-fold higher than in 5XFAD mice ([Figure 3](#fig3){ref-type="fig"}B). To determine whether gene expression indicating inflammatory reaction in the brain was similarly upregulated in 5XFAD and 5XFAD/MHCII^−/−^ mice, we used qPCR. A significant upregulation of mRNAs encoding interleukin (IL)-1β and glial fibrillary acidic protein (GFAP) was found in 5XFAD and in 5XFAD/MHCII^−/−^ mice, when compared with littermate control mice, both at 3 and 6 months of age ([Figure 3](#fig3){ref-type="fig"}C). The mRNA levels of IL-6 and interferon (IFN)-γ were not upregulated in either 5XFAD or 5XFAD/MHCII^−/−^ mice at 3 months of age, whereas they were significantly upregulated in 5XFAD/MHCII^−/−^ mice at 6 months of age, when compared with either 5XFAD or littermate control mice ([Figure 3](#fig3){ref-type="fig"}C).Figure 3MHCII-Knockout 5XFAD Mice Exhibit An Exacerbated Amyloid PathologyImmune-deficient 5XFAD mice lacking MHCII (5XFAD/MHCII^−/−^) were generated, and their plaque pathology, neuroinflammation, and phagocytic clearance were characterized. 5XFAD/MHCII^−/−^ and age-matched 5XFAD mice (n = 4--5 mice per group) were killed at 1, 3, or 6 months of age, and their brain samples were analyzed by IHC or qPCR.(A) A breeding diagram of the strategy used to generate 5XFAD/MHCII^−/−^ mice.(B) Representative IHC images showing Aβ plaque pathology at 1, 3, and 6 months of age in brain sections derived from 5XFAD and 5XFAD/MHCII^−/−^ mice and immunolabeled for anti-Aβ (red) and a DAPI nucleus counterstain (blue). Quantitative analyses of the Aβ plaque load per volume of cortical section (right graphs) were performed with IMARIS. Each symbol represents one mouse, and the bars represent means ± SEM.(C) A qPCR analysis of the pro-inflammatory cytokines IL-1β, IL-6, and IFN-γ and the astrogliosis marker GFAP in the brains of 3- (top panels) and 6-month-old (bottom panels) 5XFAD mice, 5XFAD/MHCII^−/−^ mice, and littermate control mice. Bars represent means ± SEM.(D) The 3D reconstructions (left images) of z-sections (21 μm overall, 0.75 μm/slice) in cortical sections. The images to the right are higher magnifications of the framed areas, showing the co-localization of Aβ with Iba1+ cells (unsliced and sliced) in brain sections of 5XFAD (top panels) and 5XFAD/MHCII^−/−^ (bottom panels) mice. Scale bars, 30 μm (left images) and 5 μm (all other images). The quantitative analysis (right graph) of the percentage of Aβ co-localized with Iba1+ microglia in the cortex was performed with IMARIS. Bars represent means ± SEM.(E) A qPCR analysis of the phagocytic markers TREM2 and SIRP-1β in the cortex of 3- and 6-month-old mice. Bars represent means ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 ((B and D) Student\'s t test, (C and E) one-way ANOVA).

To determine whether the increase in plaque pathology observed in 5XFAD/MHCII^−/−^ mice was due to a reduced clearance of Aβ in the brain, we used high-resolution confocal microscopy and 3D image reconstruction. Brain sections from 6-month-old 5XFAD/MHCII^−/−^ and 5XFAD mice were immunolabeled for Aβ and Iba1 and the proportion of Aβ engulfed by activated microglia was analyzed. Notably, the 3D reconstruction of the IHC image showed that whereas Iba1+ cells penetrated the plaques in 5XFAD mice, they were primarily in the plaque vicinity in 5XFAD/MHCII^−/−^ mice ([Figure 3](#fig3){ref-type="fig"}D). Furthermore, the 3D reconstructed image was sliced in the xy axis using IMARIS, demonstrating Aβ engulfed by the Iba1+ cells. A quantitative analysis of the fraction of Aβ co-localized with microglia was significantly lower in brain sections of 5XFAD/MHCII^−/−^ (0.26% ± 0.06%) than in those of 5XFAD mice (0.54% ± 0.06%) ([Figure 3](#fig3){ref-type="fig"}D). Immunolabeling for Aβ, Iba1, and the lysosome marker CD68 revealed a marked decrease in Iba1+ CD68+ cells co-localized with Aβ plaques in the brain of 5XFAD/MHCII^−/−^ mice ([Figure S3](#mmc1){ref-type="supplementary-material"}). In addition, the qPCR analysis demonstrated a decrease in the mRNA levels of the phagocytic markers TREM-2 and SIRP-1β in the brain of 5XFAD/MHCII^−/−^, when compared with those in the brain of 5XFAD mice, which was significant for both genes at 6 months of age, and only for SIRP-1β at 3 months of age ([Figure 3](#fig3){ref-type="fig"}E). Taken together, these results indicate that, in the absence of MHCII, the phagocytic capacity of microglia in the brain is reduced; this is accompanied by a dysregulation of the inflammatory reaction in the brain and an exacerbated Aβ pathology.

ICV-Injected Aβ-Th1 Cells Exhibit Reduced Effector Functions in 5XFAD/MHCII^−/−^ Mice {#sec2.4}
-------------------------------------------------------------------------------------

To determine whether the exacerbated pathology observed in 5XFAD/MHCII^−/−^ mice can be recovered by using activated CD4 T cells, we subjected Aβ-Th1 cells to polyclonal activation with anti-CD3/anti-CD28 dynabeads and ICV-injected them to 7-month-old 5XFAD/MHCII^−/−^ mice and to 5XFAD mice. Mice were killed at 21 dpi, a time required to determine T cell effector functions induced by brain APCs, and their brains were analyzed for the presence of CD4 T cells, Aβ plaque load, and inflammatory mediators. Surprisingly, IHC analysis of the cortex revealed that although the CD4 T cells migrated into the brain of 5XFAD/MHCII^−/−^, no differences in plaque load were observed, when compared with mice ICV-injected with PBS ([Figures 4](#fig4){ref-type="fig"}A and 4B). Furthermore, the qPCR analysis showed that the mRNAs encoding the Th1 cytokine IFN-γ and the chemokines CXCL9, CXCL10, and CXCL11, which are ligands of the CXCR3 receptor on Th1 T cells, were only slightly upregulated in 5XFAD/MHCII^−/−^ mice ICV-injected with Th1 cells, when compared with 5XFAD mice ICV-injected with Th1 cells ([Figure 4](#fig4){ref-type="fig"}C). In light of these observations, we sought to determine whether the reduced clearance of Aβ in 5XFAD/MHCII^−/−^ mice ICV-injected with Aβ-Th1 cells is due to a reduced monocyte infiltration into the brain. To test this hypothesis, brain cells were isolated enzymatically from all the groups of mice at 21 dpi and analyzed with flow cytometry. Single cells were gated for CD45+ CD11b+ myeloid cells, which were then analyzed for putative infiltrating CX3CR1−Ly6C+ macrophages ([Figure 4](#fig4){ref-type="fig"}D). CX3CR1−Ly6C+ cells were indeed observed in the brain of 5XFAD mice that had been ICV-injected with Aβ-Th1 cells; however, this phenomenon was observed neither in 5XFAD/MHCII^−/−^ mice ICV-injected with Aβ-Th1 cells nor in the respective PBS-injected control groups ([Figures 4](#fig4){ref-type="fig"}E and [S4](#mmc1){ref-type="supplementary-material"}).Figure 4ICV-Injected Aβ-Th1 Cells Exhibit Reduced Effector Functions in 5XFAD/MHCII^−/−^ Mice5XFAD and 5XFAD/MHCII^−/−^ mice were ICV-injected with either Aβ-Th1 T cells or PBS (n = 4--5 mice per group), killed at 21 dpi, and their brains collected and analyzed with IHC, qPCR, or flow cytometry.(A) Representative IHC images showing Aβ plaques co-localized with GFP+ T cells in brain sections derived from 5XFAD/MHCII^−/−^ mice at 21 dpi and immunolabeled with anti-Aβ (red) and anti-CD4 (green). The right image is a 3D reconstruction of z-sections (22.5 μm overall, 0.75 μm/slice) of the framed area. Scale bars, 30 μm (left) and 10 μm (right).(B) The quantitative analysis (right graph) of Aβ plaque load per volume of the cortical section in 5XFAD/MHCII^−/−^ mice ICV-injected with either PBS or Th1 T cells (right) was performed with IMARIS. Bars represent means ± SEM.(C) qPCR analysis of IFN-γ and the chemokines CXCL9, CXCL10, and CXCL11 in the different groups of mice. Bars represent means ± SEM.(D) Flow cytometry plots demonstrating the gating strategy for myeloid cells (CD45+ CD11b+; middle) and presumed infiltrated macrophages (Ly6C+ CX3CR1−; right).(E) The frequency of CX3CR1−Ly6C+ cells in all groups. Bars represent means ± SEM of one experiment out of two performed. Each symbol represents an individual mouse. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 (one-way ANOVA).

Taken together, these results indicate that MHCII expression by microglia or infiltrating macrophages results in the stimulation of T cells, which consequently impacts the inflammatory milieu and Aβ accumulation.

Microglial Expression of MHCII Is Required to Stimulate the Effector Functions of ICV-Injected Aβ-Th1 Cells within the Brain Parenchyma {#sec2.5}
---------------------------------------------------------------------------------------------------------------------------------------

The ICV injection of Aβ-Th1 cells to 5XFAD/MHCII^−/−^ mice did not result in T cell activation within the brain and, therefore, the T cells did not significantly impact the immune milieu or reduce the plaque load in the brain ([Figure 4](#fig4){ref-type="fig"}). However, these findings do not indicate whether the re-stimulation of the ICV-injected Aβ-Th1 cells in the brain of 5XFAD mice is mediated by peripheral APCs or, alternatively, by APCs within the brain parenchyma. To answer this question, we generated WT^GFP/GFP^→5XFAD/MHCII^−/−^ bone marrow (BM) chimera (BMC) mice in which MHCII+ BM is transplanted to 5XFAD/MHCII^−/−^ ([Transparent Methods](#mmc1){ref-type="supplementary-material"}). Of the 12 mice that received BM transplants, six were injected with Aβ-Th1 cells 8 weeks after the BM transplantation. Then, at 28 dpi, the mice were killed and perfused and their brains were excised and analyzed using both IHC and flow cytometry. As expected, the IHC analysis revealed enhanced infiltration of GFP+ BM-derived cells in BMC mice that were ICV-injected with Aβ-Th1 cells, when compared with untreated BM-transplanted mice ([Figure 5](#fig5){ref-type="fig"}A); however, the accumulation of the infiltrating GFP+ BM-derived cells around A β plaques remained similar in both groups ([Figure 5](#fig5){ref-type="fig"}B). Next, we determined the Aβ pathology of BMC mice that were either ICV-injected or not injected with Aβ-Th1 cells and compared it with the pathology of untreated 5XFAD/MHCII^−/−^ mice. An IHC analysis of the amyloid burden in the cortex of BMC mice revealed that, when compared with untreated 5XFAD/MHCII^−/−^mice, the plaque volume was significantly reduced ([Figure 5](#fig5){ref-type="fig"}C). Regardless of the enhanced infiltration of GFP+ BM-derived cells into the brains of 5XFAD/MHCII^−/−^ mice ICV-injected with Aβ-Th1 cells ([Figure 5](#fig5){ref-type="fig"}A), no further reduction in Aβ was observed in these mice, when compared with the non-injected BMC mice ([Figure 5](#fig5){ref-type="fig"}C). Notably, the GFP+ macrophages infiltrating into the brain parenchyma were mostly detected as MHCII− cells in BMC mice that were either ICV-injected or not injected with T cells ([Figure 5](#fig5){ref-type="fig"}D).Figure 5Microglial Expression of MHCII Is Required to Stimulate the Effector Functions of ICV-Injected Aβ-Th1 Cells within the Brain ParenchymaBone marrow chimera (BMC) mice (n = 12) were generated, and after 8 weeks, six of them were ICV-injected with Aβ-Th1 T cells, whereas the other six were left untreated. The mice were perfused at 28 dpi, and their brains were excised and analyzed by IHC and flow cytometry.(A) Representative IHC images of cortical (top images) and hippocampal (bottom images) brain sections from untreated BMC mice (left) and from BMC mice that were ICV-injected with Aβ-Th1 T cells (Th1→BMC, right) (n = 5 mice per group) and immunolabeled with DAPI nucleus counterstain (blue). Green cells are infiltrating macrophages. A quantitative analysis (right graphs) of the number of GFP+ cells per volume of cortical or hippocampal section was performed with IMARIS. Scale bars, 200 μm. Bars represent means ± SEM, and each symbol represents an individual mouse.(B) Representative IHC image showing Aβ plaques co-localized with infiltrated GFP+ BM cells in brain sections derived from either BMC or Aβ-Th1→BMC mice and immunolabeled with the DAPI nucleus counterstain (blue) (n = 5 mice per group). Scale bars, 200 μm (left images) and 30 μm (right images).(C) Representative IHC image showing Aβ plaque load in brain sections derived from untreated (UT), BMC, or Aβ-Th1→BMC mice and immunolabeled with anti-Aβ (gray) and a DAPI nucleus counterstain (blue). The quantitative analysis (right graph) of the plaque load per volume of cortical section was performed with IMARIS. Scale bars, 200 μm. Bars represent means ± SEM.(D) Representative IHC images of brain sections derived from untreated BMC mice (top images) or from Aβ-Th1→BMC mice (bottom images) and immunolabeled with anti-MHCII (blue) and a DAPI nucleus counterstain (gray). Green cells represent infiltrating BM cells. Scale bars, 30 μm. \*\*\*p \< 0.001 \[(A) Student\'s t-test, (C) one-way ANOVA\].

The results shown in [Figure 5](#fig5){ref-type="fig"} suggest that the MHCII+ cells observed in 5XFAD mice ICV-injected with Aβ-Th1 cells are primarily brain-endogenous microglia. To determine that microglia can indeed give rise to MHCII+ cells, 8- or 9-month-old 5XFAD mice were ICV-injected with Aβ-Th1 cells and their brains were subjected to flow cytometry analysis at 21 dpi. Single cells were first gated for the CD45+ CD11b+ cells, and the gated cells were then plotted with the MHCII and Ly6C myeloid markers ([Figures 6](#fig6){ref-type="fig"}A−6C). The fraction of MHCII+ cells out of the CD45+ CD11b+ cells was then analyzed for all groups (PBS→ littermates, PBS→ 5XFAD, and Th1→ 5XFAD), revealing a significant increase in MHCII+ cells in the brain parenchyma of mice ICV-injected with Aβ-Th1 cells (9.79% ± 1.29%), when compared with mice ICV-injected with PBS (3.95% ± 0.39%) ([Figure 6](#fig6){ref-type="fig"}B). MHCII+ cells from each group were then plotted for the Ly6C marker, which revealed 28.16% ± 0.77% and 63.56% ± 5.13% cells within the presumed infiltrating CD45+ CD11b+ Ly6C^high^ macrophages and brain-endogenous CD45+ CD11b+ Ly6C^low^ microglia, respectively ([Figure 6](#fig6){ref-type="fig"}C). Next, we conducted an RNAscope fluorescence *in situ* hybridization at 14 dpi to identify the MHCII+ cells in the brains of 5XFAD mice ICV-injected with Aβ-Th1 cells. P2ry12 and CD74 were used as markers of endogenous microglia ([@bib9], [@bib74]) and MHCII+ cells, respectively. Ppib (peptidyl-prolyl *cis*-*trans* isomerase B) was used as a positive control ([Figure 6](#fig6){ref-type="fig"}D). These analyses revealed that CD74 mRNA (yellow arrows) is expressed primarily in microglia cells expressing the P2ry12 mRNA (white arrows) ([Figure 6](#fig6){ref-type="fig"}E). Note that not all P2ry12-expressing microglia express CD74 and that, as expected, some cells are negative to both markers (pink arrow). Overall, these data suggest that the MHCII+ cells, which were observed in 5XFAD mice and with increased frequencies in 5XFAD mice ICV-injected with Aβ-Th1 cells, are primarily endogenous microglia.Figure 6Aβ-Th1 T Cells Upregulate MHCII Expression in Brain Endogenous Microglia of 5XFAD Mice5XFAD and littermate (litt.) control mice were ICV-injected with either Aβ-Th1 T cells or PBS, killed at 14 or 21 dpi, and their brains excised and analyzed by using RNAscope (14 dpi) or flow cytometry (21 dpi).(A) Flow cytometry plots demonstrating the gating strategy from single cells (left) to myeloid cells (CD45+ CD11b+; right).(B) Flow cytometry plots demonstrating MHCII+ cells (out of CD11b+ CD45+ cells) in PBS→litt mice (left), PBS→5XFAD mice (middle), and Th1→5XFAD mice (right). The frequency of MHCII+ cells was quantified for all groups (right graph). Each symbol represents an individual mouse (n = 5 mice per group), and the bars represent means ± SEM of one experiment out of four performed.(C) Flow cytometry plots demonstrating Ly6C+ cells (out of MHCII+ CD11b+ CD45+ cells) in the above-mentioned groups. The frequency of Ly6C+ cells was quantified for all groups (right graph). Each symbol represents an individual mouse (n = 5 per group), and the bars represent means ± SEM.(D) Representative RNAscope fluorescence *in situ* hybridization images showing the co-expression of CD74 (red), P2ry12 (green) mRNA, and a DAPI nucleus counterstain (blue) in brain sections derived from Aβ-Th1→5XFAD mice (n = 5). Representative images of positive Ppib (green) and negative controls. Each puncta indicates a single mRNA molecule. The rectangular box demonstrates higher magnification of the framed area.(E) A representative image showing P2ry12- (green) and CD74- (red) expressing cells. A higher magnification merge image of the framed area (top right panel) and the single-channel images (lower panels) show P2ry12+ (white arrows), P2ry12− (pink arrows), and CD74+ (yellow arrows) cells. Scale bars, 50 and 10 μm. \*p \< 0.05, \*\*\*p \< 0.001 (one-way ANOVA).

Discussion {#sec3}
==========

The aim of the current study was to test whether T cells can promote the differentiation of myeloid cells in the brain parenchyma into APCs with enhanced Aβ uptake capacity. We demonstrate that Aβ-Th1 cells, ICV-injected to 5XFAD mice, not only migrate into the brain parenchyma but also stimulate the expansion of MHCII+ cells. This process is associated with the activation of T cells, the modulation of the inflammatory reaction to Aβ pathology, and enhancement of Aβ uptake. We found that the newly differentiated MHCII+ cells originate primarily from brain-endogenous microglia. As such, this subset of MHCII+ microglia may serve to target therapeutic antigen-specific T cells directly to damaged sites within the CNS.

We have previously shown that Aβ-specific T cells polarized to Th1 T cells and ICV-injected to APP/PS1 mice transmigrate into the brain parenchyma, where they impact the inflammatory response induced by Aβ and enhance amyloid plaque uptake ([@bib16]). However, it was unclear whether these T cells undergo reactivation by APCs within the brain parenchyma in a manner that stimulates their effector functions. Here, we found that MHCII+ cells expand in the brain parenchyma following an ICV injection of Aβ-Th1 cells. Moreover, we show that these MHCII+ cells accumulate in the vicinity of Aβ plaques and exhibit a less ramified morphology and enhanced phagocytic capacity, when compared with Iba+ microglia. Finally, we found that the MHCII+ cells interact with the injected T cells in a manner reminiscent of an immunological synapse, which is essential for T cell activation. Taken together, our findings suggest that, within the brain parenchyma, brain-infiltrating Aβ-Th1 cells can stimulate the differentiation and expansion of MHCII+ cells, whose phagocytic and antigen presentation capacity is considerably greater than those of MHCII− microglia.

Although MHCII in activated microglia is known to be upregulated at the vicinity of plaques in brains of people with AD ([@bib23], [@bib49], [@bib56], [@bib64]) and in mouse models of the disease ([@bib30], [@bib36]), it remains unclear whether MHCII expression by microglia or infiltrating macrophages plays a role in the progression of AD. Surprisingly, we found that 5XFAD/MHCII^−/−^ mice, which lack MHCII, exhibit a worsened amyloid pathology compared with 5XFAD mice, and that this pathology is accompanied by an enhanced innate inflammation. Furthermore, the Aβ phagocytic capacity of microglia in 5XFAD/MHCII^−/−^ mice was significantly reduced and the mRNA expression of SIRP-β1 and TREM2---two genes that play important roles in the activation and phagocytic machinery of microglia and macrophages in the brain ([@bib15], [@bib17], [@bib22], [@bib53], [@bib73])---was downregulated. Notably, in contrast to SIRP-β1, TREM2 was significantly upregulated in 5XFAD mice ([@bib28], [@bib69], [@bib70]) and was slightly downregulated in 5XFAD/MHCII^−/−^ mice. These results suggest that CD4 T cell effector functions are required to effectively stimulate the phagocytic capacity of microglia within the brain, a mechanism that may involve not only the upregulation of phagocytic molecules but also the downregulation of inhibitory receptors such as LILRB1 ([@bib4]). In line with these findings, a recent study demonstrated that Aβ uptake is reduced in a Rag-5XFAD mouse model of AD, which lacks the entire cellular and humoral adaptive arms of the immune system, and that IgG treatment enhances the uptake of Aβ in these mice ([@bib34]). Overall, it is suggested that both humoral and cellular immune responses---orchestrated by CD4 T cells---play a significant role in the capacity of the brain to clear Aβ.

Another important finding in this study was that, although we activated the Aβ-Th1 cells before their ICV injection, they exhibited significantly reduced effector functions (as indicated by the reduced mRNA levels of IFN-γ and CXCL9/10/11 chemokines and by the significantly reduced number of presumed infiltrating macrophages) in the brains of 5XFAD/MHCII^−/−^ mice, when compared with 5XFAD mice. These findings suggest that the effector functions of the ICV-injected Aβ-Th1 cells are facilitated by antigen presentation in the brain. It, however, remained unclear whether this T cell re-stimulation is mediated by brain-endogenous microglia or by peripheral macrophages. Generating a WT^GFP/GFP^→ 5XFAD/MHCII^−/−^ BMC mice, we recovered the leukocyte repertoire and turnover of the meningeal macrophages to MHCII+ cells, and thus, except for some infiltrating GFP+ cells, microglia in the brain of the BMC mice remained MHCII−. Notably, whereas recovering the peripheral and meningeal leukocytes in the BMC mice reduced the amyloid load in the brain, the ICV-injected cells did not facilitate this reduction. These results strongly suggest that brain-endogenous MHCII+ microglia are required to re-stimulate the T cells. In line with our findings, a subset of MHCII+ microglia was recently observed in a mouse model of neurodegeneration and was suggested to be a type-II IFN-induced subset of microglia, which may potentially function as APCs ([@bib36]). In addition, this subset is highly similar to disease-associated microglia, a subset that was recently reported in the 5XFAD mouse model of AD ([@bib28]). More recently, a subset of MHCII+ microglia was observed within activated response microglia (ARMs) in a mouse model of AD ([@bib55]). Interestingly, ARMs were more frequent in female than in male mice ([@bib55]), suggesting a gender variation in microglial phenotypes ([@bib44], [@bib66]), which may affect their activation profile in aging and disease. Taking together, a relatively low frequency of MHCII+ microglia accumulate in the brain during inflammation, a phenomenon that calls for further research to explore their origin, molecular characteristics, differentiation program, and functional properties.

Several studies previously reported a CD11c+ subset of microglia that accumulates in the CNS during neuroinflammation, and that is significantly different from CD11c− microglia ([@bib27], [@bib40], [@bib52], [@bib71]). Thus it is possible that the higher levels of IFN-γ found in the brain following the ICV injection of Aβ-Th1 cells in our study further promote the expansion and differentiation of this subset to functional APCs. Indeed, using the RNAscope technique to co-label the mRNAs of the invariant chain CD74 and of the microglial marker P2ry12, we determined that the MHCII+ subset that accumulated at the plaque vicinity derives from brain-endogenous microglia. Our *in vivo* study thus strongly suggests that parenchymal microglia can function as APCs, and that this function is required to stimulate the ICV-injected T cells in 5XFAD mice.

Overall, our study suggests that the function of microglia as APCs plays an important role in brain immunity, which, based on the T cell phenotype (Th1, Th2, Th17, or regulatory T cells \[Tregs\]), can exert either beneficial or neurotoxic responses. We have previously shown that the Th1 subset of cells is the most effective subset in preconditioning the brain for T cell migration, primarily due to IFN-γ being the key cytokine that these T cells secrete ([@bib16]). Hence, IFN-γ appears to be required to promote the differentiation of certain subsets of microglia to APCs, which thereby acquire an enhanced phagocytic capacity ([@bib16], [@bib19], [@bib40]), as well as to promote the various neuroprotective functions observed in animal models, such as in the induction of IL-6 expression in astrocytes during acute neuroinflammation ([@bib62]), the induction of IL-10 after spinal cord injury ([@bib26]), and the induction of neurogenesis ([@bib35]). The Th1 cells may be only the first arrivals into the brain, paving the way for regulatory T cells such as Th2/Tr1 or Foxp3+ Tregs, which were found to be important for immune regulation in mouse models of neurodegenerative diseases ([@bib6], [@bib29], [@bib37], [@bib47], [@bib51]). It cannot be excluded, though, that leukocytes such as CD8 T cells ([@bib31], [@bib32]), natural killer cells, and neutrophils ([@bib11]) may also infiltrate the brain and cause neurotoxicity. It is thus intriguing to examine whether the dysregulated CD4 T cells that are observed with aging ([@bib20], [@bib42], [@bib45]) fail to properly regulate adaptive immunity in the brain and, therefore, facilitate neurotoxic inflammation and the progression of AD. This process of immune senescence may also explain why immunotherapies suitable for adults are not always effective for elderly individuals. Further characterizing immune senescence processes and their impact on neurotoxic inflammation may thus pave the way toward therapeutic approaches that target peripheral immune senescence, thus allowing a proper dialog between brain-infiltrating CD4 T cells and MHCII-expressing microglia, which may be required to promote neural repair in the AD brain.

Limitations of the Study {#sec3.1}
------------------------

1.qPCR was used in the current study to analyze the expression of inflammatory genes in the brain. As some of these markers were not measured at the protein level, they represent transcriptional changes that do not necessarily define the proinflammatory phenotype of the cells.2.Our experimental setup was based on ICV---rather than intravenous---injection of T cells, a process that may cause acute microglial activation and hence a relatively robust differentiation of microglial subsets to APCs.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods and Figures S1--S4
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